Background and Purpose-Memory impairment is a predictor and a consequence of stroke, but memory decline is common even in healthy elderly individuals. We compared the long-term trajectory of memory functioning before and after stroke with memory change in stroke-free elderly individuals. Methods-Health and Retirement Study participants aged 50 years and older (nϭ17 340) with no stroke history at baseline were interviewed biennially up to 10 years for first self-reported or proxy-reported stroke (nϭ1574). Age-, sex-, and race-adjusted segmented linear regression models were used to compare annual rates of change in a composite memory score before and after stroke among 3 groups: 1189 stroke survivors; 385 stroke decedents; and 15 766 cohort members who remained stroke-free. Results-Before stroke onset, individuals who later survived stroke had significantly (PϽ0.001) faster average annual rates of memory decline (Ϫ0.143 points per year) than those who remained stroke-free throughout follow-up (Ϫ0.101 points per year). Stroke decedents had even faster prestroke memory decline (Ϫ0.212 points per year). At stroke onset, memory declined an average of Ϫ0.369 points among stroke survivors, comparable with 3.7 years of age-related decline in stroke-free cohort members. After stroke, memory in stroke survivors continued to decline at Ϫ0.142 points per year, similar to their prestroke rates (Pϭ0.93). Approximately 50% of the memory difference between stroke survivors soon after stroke and age-matched stroke-free individuals was attributable to prestroke memory. Conclusions-Although stroke onset induced large decrements in memory, memory differences were apparent years before stroke. Memory declines before stroke, especially among those who did not survive the stroke, were faster than declines among stroke-free adults. (Stroke. 2012;43:2561-2566.)
S
everal cross-sectional and longitudinal studies report that prevalence of dementia and cognitive impairment is higher among stroke survivors than among age-matched stroke-free adults. [1] [2] [3] [4] Because cognitive impairment is an established predictor of stroke incidence, [5] [6] [7] the high dementia rates among stroke survivors likely partially reflect prestroke cognitive differences. 8 Memory functioning typically declines with age, even among elderly with no clinical stroke, and little is known about differential long-term rates of change in memory score among stroke patients. Few cohorts have appropriate prospective data with the large number of events needed to examine longitudinal changes in memory before and after stroke. Accumulating evidence indicates that acute stroke follows a long period of accumulating cerebrovascular injury, possibly associated with subtle ischemic injury, silent strokes, 9 and stroke symptoms. 1,10 -12 Our analysis builds on previous work by examining the trajectory of memory functioning before stroke and after stroke over a long-term follow-up. Carefully describing these trajectories is critical not only to show the natural development of memory in stroke patients but also to help identify prestroke risk factors that remediate or exacerbate the consequences of stroke.
In the current study, we used 10 years of data from a nationally representative cohort, the Health and Retirement Study (HRS), 13 to describe the long-term prestroke and poststroke trajectories of memory functioning among stroke survivors. We compared memory changes in stroke survivors with memory changes in individuals who died soon after stroke and with memory changes among cohort participants who remained stroke-free.
Subjects and Methods

Study Population
HRS is a nationally representative cohort study initiated in 1992, with additional enrollments in 1993, 1998, and biennial interviews. 14, 15 HRS is sponsored by the National Institute on Aging (grant number NIA U01AG009740) and is conducted by the University of Michigan. Our analyses used the 1998 survey as baseline and included follow-up data through 2008. Analyses were weighted to represent noninstitutionalized Americans aged 50 years and older in 1998.
From 20 567 HRS participants aged 50 years and older in 1998, we restricted our number of participants to 18 987 (92.3%) who were stroke-free at baseline. We additionally excluded respondents with missing cognitive scores (nϭ1538) or missing risk factor information (nϭ109), for a final analytic sample of 17 340 (91.3%).
Dependent Variable
Memory was assessed by immediate and (approximately 5-minute) delayed recall tests of a 10-word list of common nouns read aloud. Additionally, for individuals who were too impaired to directly participate in memory assessments, proxy informants, typically spouses, were asked to assess the memory of the participants on a 5-item Likert scale and completed a 16-item version of the Informant Questionnaire for Cognitive Decline. 16, 17 The validity and reliability of these measures have been documented elsewhere. 18 We previously developed a composite memory score combining proxy and direct memory assessments for longitudinal analyses. 19 The composite score algorithm was developed in a subsample of 856 HRS cohort members who participated in a comprehensive neuropsychological battery as part of the Aging, Demographics, and Memory Study (ADAMS). 20, 21 Briefly, this approach involved deriving scores for all ADAMS participants, and then applying regression models to calibrate the brief assessments available in the full cohort to predict the ADAMS outcomes. This calibration was then applied to derive a composite memory score for all HRS respondents at each wave. Further details of development and validation of the memory score are available from the authors. The composite memory score was standardized by dividing each score by the baseline (1998) standard deviation so that every unit change in composite memory score corresponds to a change of 1 standard deviation at baseline. The standardized score ranged from Ϫ5.5 to 5.9, and each decade of age was associated with Ϸ1-point lower score at baseline.
Independent Variable
Incidence of stroke was defined as self-reported doctor's diagnosis of stroke drawn from the question, "Has a doctor ever told you that you had a stroke?" When patients were deceased or unavailable for direct interview, HRS used proxy informants (usually patients' spouses) to report on stroke status. Participants or proxies reporting stroke (nϭ1574) also reported the month and year of event. A small number of participants did not report the precise month (nϭ131; 8.3%) or year (nϭ166; 10.5%) of event between the biennial interview waves. To retain these people in analyses, we used the midpoint of the last known stroke-free date and the date when the stroke was first reported, based on all available biennial interviews and any date information provided. Because our study focused on the effect of first stroke onset, only the first stroke during follow-up was identified. Many stroke survivors may have had subsequent strokes, but we consider all memory reports after the date of their first stroke as "poststroke."
We categorized participants into 3 groups: (1) stroke survivors who reported a first stroke during the follow-up period and survived to provide at least 1 subsequent memory assessment score (nϭ1189); (2) stroke decedents who experienced (per proxy report) a first stroke during the follow-up period and died before their next interview (nϭ385); and (3) stroke-free subjects (nϭ15 766) for whom no stroke was reported during follow-up. For all respondents, follow-up continued through the last interview wave in 2008, the respondent's death, or respondent's attrition from the sample. We included individuals in the category of "stroke decedents" regardless of whether the primary cause of death was stroke. However, we consider that for most individuals who died within 2 years after stroke, the stroke would have been an important contributor to cause of death.
The primary exposures were the timing of memory assessment with respect to stroke, ie, number of years before and number of years after stroke. We defined the year of stroke onset as time zero and, for each memory assessment, calculated the years until stroke (to describe the prestroke memory trajectory) or the years since stroke (to describe the poststroke memory trajectory).
Other Covariates
All models were adjusted for age at each interview or age at stroke (centered at 75 years) and other covariates defined at the baseline interview, including demographic variables such as race (white vs other), gender, marital status (married or partnered, separated or divorced or widowed, never married), birth place (born in the Northeast, Midwest, South, West, or outside the United States), and socioeconomic status indicators, including height, 22 years of education (0 -17), mother's years of education (0 -17), and natural log of household wealth. Continuous variables were centered at the mean and the reference categories for categorical variables were chosen as the most common category (married or partnered white women born in the Midwest). The missing indicator method was used for 10.4% of participants missing information on "mother's education."
Statistical Analysis
We used segmented linear regression models to describe the longitudinal trajectory of memory score. We estimated memory change over time with both linear and curvilinear trends. To facilitate interpretation of results, we report parameter estimates from linear forms throughout. However, we depict the higher-order time trends visually in the Figures and describe these patterns. We present results based on 3 models: the first model included only stroke survivors, whereas the second and third models sequentially added in stroke decedents and stroke-free subjects.
To describe memory function change of stroke survivors, we specified a slope for annual rate of memory change before nonfatal stroke, a discontinuity term for change in memory function at the time of stroke, and a slope for rate of memory change in the years after nonfatal stroke. This model was adjusted for baseline covariates and age at stroke onset (centered at 75 years), following the analytic model of Mendes de Leon. 23 In the second model, we included individuals who did not survive stroke and estimated the rate of annual memory change before fatal stroke. We compared the prestroke slopes for stroke survivors and stroke decedents using an interaction between survivor status and the time before stroke variable. In the third model, we included cohort members who remained stroke-free throughout follow-up. We estimated rate of memory change for each additional year of age, centering at age 75. The intercept for this model thus compared predicted memory score in a 75-year-old who never had a stroke with memory in a 75-year-old immediately before stroke (full model parameterization is shown in Supplementary Appendix I).
For all models, we used generalized linear regression with robust variance estimates to account for repeated measures on the same individual. Models were estimated in SAS 9.2. The HRS sample was drawn from a complex sample design and the design effect estimated from cross-sectional models accounting for the complex design was modest (Ͻ20%); therefore, sample clustering was ignored in these analyses. Formally incorporating a design effect correction did not affect the statistical significance of any coefficients describing linear rate of memory change, although some quadratic terms (with estimates close to 0) were only marginally statistically significant after design effect correction. Analyses weighted according to the 1998 sample weights to be representative of the 1998 community-dwelling United States population born in 1947 or earlier were nearly identical (Appendix II).
In sensitivity analysis, because drop-out after nonfatal stroke onset could lead to underestimation of the poststroke decline rate for memory score, the third model was iteratively estimated with restriction to stroke survivors who remained in the cohort at least 2 years, 3 years, or 4 years after stroke onset (Supplementary Appendix II). Quantile regression models at 25 th , 50 th , and 75 th percentiles were conducted to assess sensitivity to outliers or noninterval scaling of the composite memory score (Appendix III). Finally, we estimated the full model excluding all respondents for whom stroke date was imputed (Appendix IV).
Results
Respondents who remained stroke-free were, on average, younger, more likely to be white, married, with higher own and maternal education, and higher wealth compared with respondents who experienced a stroke (whether fatal or nonfatal; Table  1 ). More than 10 years of follow-up for 17 340 eligible partici-pants (139 457 person-years) showed the following: 1189 (6.9%) participants survived a stroke; 385 (2.2%) experienced a stroke and did not survive; and 15 766 (90.9%) experienced no stroke during follow-up ( Table 2) .
Trajectory of Change in Memory Functioning
Among the 1189 individuals who survived a stroke, memory function significantly declined with each additional year of age both before (Ϫ0.143 points per year; 95% confidence interval, Ϫ0.156 to Ϫ0.130) and after stroke (Ϫ0.142 points per year; 95% confidence interval, Ϫ0.162 to Ϫ0.122), with a large decrement at the time of stroke onset averaging Ϫ0.369 points (95% confidence interval, Ϫ0.450 to Ϫ0.288; Figure 1 ).
The average annual prestroke memory decline for the 385 individuals who did not survive their stroke was Ϫ0.212 points per year (95% confidence interval, Ϫ0.238 to Ϫ0.186), which was significantly faster than annual prestroke rate of decline among stroke survivors (PϽ0.001). After modeling time prestroke and poststroke with linear and quadratic trends, memory change showed small but statistically significant curvilinear trends among both stroke survivors and stroke decedents. As the time of stroke onset approached, the decline of memory functioning accelerated (Figure 2) .
The average annual rate of memory decline with aging among those who remained stroke-free throughout follow-up was Ϫ0.101 points per year (95% confidence interval, Ϫ0.102 to Ϫ0.099). Compared with annual memory decline in stroke-free participants, memory decline occurred most rapidly among respondents who experienced a fatal stroke, followed by respondents who survived a stroke (Figure 3) . In other words, memory declined nearly twice as fast for those who subsequently experienced a fatal stroke as for subjects with no recorded stroke (PϽ0.001). Prestroke memory decline among those surviving stroke was 42% faster than among subjects with no recorded stroke (PϽ0.001). Even 4 years before stroke, the average memory function of those who would subsequently experience stroke was worse than memory among those who remained stroke-free. For example, memory scores in 2002 for individuals who first reported th and 75 th are the first and the third quartiles. *Null hypothesis for P : Baseline characteristics are the same for stroke survivors as for stroke decedents. †Null hypothesis for P : Baseline characteristics are the same for participants who experienced first incident stroke as for stroke-free cohort members. a stroke in 2006 were an average of 0.35 points lower than the year 2002 memory scores for respondents who did not experience a stroke during follow-up (PϽ0.01). This model suggests that Ϸ50% of the difference in memory between a stroke survivor soon after stroke and an age-matched strokefree individual is attributable to prestroke memory performance. Patterns were relatively consistent when restricting by duration of poststroke follow-up (Appendix II), for cognitive performance at the 25 th , 50 th , or 75 th percentiles (Appendix III), or when excluding individuals with imputed stroke dates (Appendix IV).
Discussion
In a large, nationally representative cohort, we found faster memory decline in the years before stroke compared with memory decline in cohort members who remained strokefree. Rate of decline was especially accelerated among stroke decedents. Among stroke survivors, long-term memory decline after stroke continued at a similar rate as before stroke.
This study contributes significantly to existing studies on stroke and memory function; however, limitations should be noted. Most important for the current analyses, we have no medical record verification of stroke and no way to detect silent strokes. Possible measurement error could lead to an underestimate of the differences between stroke survivors and stroke-free elderly individuals, especially if strokes are less likely to be reported for memory-impaired individuals. Also, no distinctions of stroke subtype, severity, or location could be made in this study. Furthermore, any imprecision in the reported date of stroke would lead to an underestimate of the immediate memory decrement associated with stroke. The estimates of poststroke memory trajectory should be interpreted as long-term patterns, averaged over several years. Additionally, although changes in other cognitive domains are of great interest, verbal memory was the only outcome available at each interview for the full nationally representative HRS cohort age 50 years or older. Further studies using other data sources, with imaging and more comprehensive cognitive assessments, would be ideal. Finally, these data were not collected with this specific investigation in mind; a confirmation of our findings through prospective studies is needed. Key strengths of the study include the large, nation- ally representative sample, long follow-up, comprehensive sociodemographic assessments, prospectively assessed repeated prestroke measurements of memory, and high follow-up rates, even for memory-impaired individuals. 24 The results are consistent with previous studies indicating impaired cognitive function predicts stroke, 5, 6, 25, 26 and previous studies showing stroke survivors experience significant cognitive impairment and dementia after stroke onset. [2] [3] [4] In one of the few existing longitudinal studies following-up patients before and after stroke, Kase et al 1 reported a significant change of Ϫ3.7 points (comparable with Ϫ1.3 standard deviations) in the mean Mini-Mental State Examination scores in 74 stroke patients in Framingham Heart Study tested within 6 months of stroke onset; no change occurred in 74 control subjects tested over similar time intervals. Our study yielded a range of effects somewhat smaller than this, with a predicted change of ϷϪ0.71 standard deviation over a comparable time period including stroke. Including 1115 more nonfatal events than the Framingham Heart Study, our study extends this earlier work to show that even prestroke, future stroke patients experience a long period of memory decline, a decline that continues for years after stroke.
Our findings show that average memory scores are already lower among stroke patients before stroke. Prestroke memory decline is most likely an early sign of cerebrovascular disease. However, it is also plausible that lower memory performance increases vulnerability to clinically manifest stroke. Individuals with very high memory scores may have better cognitive reserve and may be able to sustain an acute ischemic event without severe clinical manifestations. We could not directly investigate this possibility with our current study design. However, the distinction has important clinical implications and therefore merits further exploration.
This study adds to previous research by showing the trajectory of decline in memory function with comparisons of Figure 3 . Trajectory of memory score for stroke survivors (nϭ1189) vs stroke decedents (nϭ385) vs stroke-free cohort members (nϭ15 766) during entire follow-up. Solid curve represents memory score change among stroke survivors, dashed curve represents memory score change among stroke decedents, and dotted curve represents memory score change among stroke-free cohort members. Time 0 indicates time of stroke onset for participants who experienced first incident stroke at 75 years of age (stroke survivors and stroke decedents), whereas it represents age 75 years for stroke-free cohort members. Decline at stroke onset indicates the immediate decrement of memory score at stroke onset among stroke survivors. The curves to the left of stroke onset indicate change in memory score before stroke onset, whereas the curve to the right indicates change after stroke onset.
stroke patients and similarly aged stroke-free subjects. Impairment of memory function occurs not only at stroke onset but also years before and after stroke. The accelerated rate of decline among stroke decedents has 2 alternative interpretations: these individuals may have particularly severe underlying cerebrovascular disease that causes very rapid cognitive declines culminating in fatal stroke, or the prestroke cognitive declines may be attributable to causes other than cerebrovascular disease but may render the patient frail or unusually vulnerable to death as a result of the stroke. 27, 28 Future studies could address these mechanisms directly.
Conclusions
Although stroke is associated with large short-term decrements in memory score, memory decline is accelerated before stroke for both stroke survivors and stroke decedents compared with stroke-free elderly individuals. More effective management of risk factors related to memory functioning in individuals experiencing memory decline might be beneficial. We also found that memory declines continue after stroke, with no apparent abatement in rate of decline. This finding may indicate that cerebrovascular risk factors are not adequately controlled after stroke diagnosis, or that acute stroke presages an ongoing, cascading process of neurological injury.
